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Observation of the naturally-occurring accommodative response of a highly visual teleost species
provides the opportunity to study its stimulus-response accuracy. A video recording system, linked
to a computer digitizing program, wasusedto measureaccommodativechangesin lenspositionin
the oscar, Astronotus ocektus, in response to known food stimuli. The largest lens deviations
occurred along an axis c. 22 deg from the pupillary plane. Consistent underaccommodation was
reported for the closest of targets, a finding reminiscent of accommodative lag reported in human
studies. Copyright @ 1996 Elsevier Science Ltd.
Accommodation Teleost Stimulus Response
INTRODUCTION
The fish eye provides a unique opportunity to study
accommodationsince the lens is easily visiblewithin the
eye. Visual species, such as the oscar (Astronotus
ocekws), a cichlid, requiregood accommodativeability
for prey identificationand capture. The oscar is also easy
to maintain and readily available making it a good
species in which to study accommodation.
In teleosts, the lens is not deformed during accom-
modation,as in humans,but is movedwithin the eye by a
smooth muscle, the retractor lentis, that originatesat the
iris and inserts via a transparent ligament into the lens
capsule(Walls, 1942).In its contractedstate, the retractor
lentis muscle pulls the lens temporally toward the
posterior retina. As the muscle relaxes, it allows the lens
to move both laterally and nasally away from the retina
and toward the cornea. In the human context, the term
“accommodated” is used when the ciliary muscle
contracts, releasing zonular tension and making the lens
more spherical.This increasesthe refractivepower of the
lens and brings about a change in the focus of the eye
from a far to a near target (Adler-Grinberg, 1986; Hart,
1992).In contrast, the retractor lentismuscle of the oscar
is contractedwhen the eye is focused for a distant target.
For consistency,the term “accommodated” will refer to
the near focus of the eye and not the conditionof tonusof
the retractor lentis muscle.
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The accommodativeapparatusof teleostshas been the
subjectof investigationat least since the discoveryof the
retractor lentis muscle by Wallace in 1834 (Wallace,
1834). Investigators have examined the morphology
(Somiya & Tamura, 1973;Andison & Sivak, 1994) and
ultrastructure of the musculature (Somiya, 1987), its
innervation (Meader, 1936a, 1936b)and the pharmacol-
ogy of the accommodativesystem(Tamura, 1957;Meyer
& Schwassmann, 1970; Sivak, 1973). However, very
little attentionhas been devoted to studyingthe dynamic
process of accommodation in teleosts. Most of the
information regarding the accommodative system in
teleosts has been gained under artificialconditions.Lens
movements indicative of changes in accommodation
havebeen determinedprimarilyin non-livingfishor from
excised eyes (Beer, 1894; Tamura, 1957; Kimura &
Tamura, 1966; Somiya & Tamura, 1973; Fernald &
Wright, 1985a;Somiya, 1987).Followingthe application
of drugs to induce accommodative lens movements,
refractive error changes have been monitored using a
modified optometer (Tamura, 1957) or a retinoscope
(Sivak, 1974). Baylor and Shaw (1962) measured the
refractive state of fish in which accommodationwas not
controlled, but these authors were primarily concerned
with determining refractive error and not accommoda-
tion. Femald and Wright (1985b) determined, both
directly and computationally, the amplitude of accom-
modationas a functionof fish size in the African cichlid,
Haplochromis burtoni. These authors used such techni-
ques as electrical stimulation of excised eyes and the
injection of parasympatholytic and parasympathomi-
metic drugs in anesthetized fish to determine the
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FIGURE 1. Test tank apparatus illustrating average target distances.
accommodative excursion of the lens and associated
refractive error changes. The only study of naturally
occurring,dynamicaccommodativeresponsesin teleosts
was by Sivak and Howland (1973). In a preliminary
study, these investigatorsused a video recording system
to monitor the accommodative response of rock bass
(Ambloplites rupestris rupestris) to a feeding stimulus.
Both the magnitude and speed of the accommodative
response of the rock bass to near and far targets were
measured.
Questions regarding the stimulus to accommodation
and the accuracy of the animal’s response cannot be
answered without studying the accommodativeresponse
in an alert, cooperativeanimal. The present study uses a
video recordingsystemto observethe naturallyoccurring
accommodative response of the oscar (A. ocellatus), in
response to visual stimuli and sets out to compare this
with the expected accommodative response determined
from the stimulus.The refractive state of the fisheye is a
matter of uncertaintyand controversy(Sivak, 1974).This
is because of such factors as axis uncertainty, species
differences and uncertainty concerning the effects of
chromatic and spherical aberration. The photographic
approachused in this studyminimizesthe need to specify
refractive state.
METHODS
The oscars (A. ocellatus) used for this study were
purchased from a local pet store and maintained in the
laboratory in large, aerated tanks. The fish originated
from breeding farms in Florida. All experimental
procedureswere in accordancewith the animalutilization
guidelines of the University of Waterloo and in
accordance with the Guide to the Care and Use of
Experimental Animals (Canadian Council on Animal
Care, 1980). The oscars ranged from 12.0 to 15.5cm
standardlength (Hubbs& Lagler, 1967).Feeder goldfish,
purchased from a local pet store, were used as a food
source and therefore represented a visually meaningful
accommodativestimulus for the oscars.
Using a specially designed test tank, the oscars were
presented with goldfish at average distances of 4.5, 9.0,
23.0 and 49.0 cm. The order of presentation was
randomized to minimize learning or adaptation effects.
The tank was constructed of 6 mm clear plexiglass and
measured 80 x 12 x 11 cm (Fig. 1). Sliding plexiglass
plates were used to position the goldfishand to keep the
oscar at the correct distance.White styrofoambarricades
were set up aroundthewalls of the test tank to preventthe
oscar from being distracted by movements of the
experimenteror other objects in the room during testing.
The goldfishwere, on average,2.5 cm standard length.A
target of this size subtendsa visual angle of 29.1 deg at
4.5 cm, 15.5deg at 9.0 cm, 6.2 deg at 23.0 cm and
2.9 deg at 49.0 cm. These values, however, can only be
considered approximate due to possible movements of
the target fish and or test fish in addition, neither the
oscars nor goldfishstimuliwere identical in size.
Accommodativelens movementswere recorded using
a HitachiCCD camera mountedon a tripodabovethe test
tank. The camera was linked to a Sony Hi-8 video
recorder.The imageswere simultaneouslydisplayedon a
videomonitorwhich enabledthe experimenterto monitor
the eye and lens movementsof the oscar.
An experiment consisted of recording the accommo-
dative lens movements of the oscar in response to the
target at each of the four distances.A ruler was held in
water at the side of the test tank and focused at the eye
level of the oscar to calibrate the images. For each
experiment, a pre-measure of the lens position with no
target visible (empty field condition) was recorded. A
targetwas introducedat one of the distancesand was left
in position until the oscar had looked at it at least three
times: The target was then removed from the test tank.
Before the targetwas introducedat a differentdistance,a
measureof the positionof the lens in the empty fieldwas
recorded.Followingremovalof the target from the fourth
test distance,an emptyfieldpost-measureof lensposition
was recorded. This situation was chosen since, in the
empty field condition, the eyes of the oscar were
diverged, the retractor lentis muscle appeared contracted
and the fishwas in a stateof predatorawareness(Sivak &
Howland, 1973). In addition, the fact that the measure-
ments of naturally occurring accommodation reported
here (see Results) were greater than those induced
pharmacologicallyin the oscar, suggest that these results
represent a true descriptionof the range of accommoda-
tion (Sivak & Bobier, 1978). Upon completion of an
experiment, the oscar was returned to its home tank and
fed. A total of ten experimentswere run on each of the
four oscars.
The video images were analysed using a custom
software package which allowed the experimenter to
measure discrete distances on the image. Video images
including the pupil were chosen for measurement to
provide the maximum amount of information regarding
the positionof the lens. In order to monitorchangesin the
orientationof the eye, the width of the pupil at its widest
point was measured in a line perpendicular to the
pupillary plane. Due to the complex nature of the lens
movements, seven parameters were chosen to measure
the difference between the relaxed and contracted states
of the retractor lentismuscle.These parametersincluded:
1.
2.
3.
4.
5.
The posterior inner cornea to lens distance;
Posteriorpupil edge to lens distance;
Anterior pupil edge to lens distance;
Anterior inner cornea to lens distance;
Inner cornea to lens distance at 45 deg;
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FIGURE2. (a) Schematicview illustratingeye placementon the oscar.
(b) Schematicdorsalview of the left oscar eye. Numberscorrespondto
the parameters described in the text. Details of the accommodative
apparatus may be found in Andison and Sivak (1994).
6. Inner cornea to lens distance at 90 deg; and
7. Inner cornea to lens distance at 135deg.
With reference to Fig. 2 the measurementsmade along
the seven parameterswere relatively insensitiveto tiltsof
the eye, on the order of + 15 deg, since the axis of
rotation of the eye was observed to correspond
approximatelywith the centre of curvatureof the cornea.
Measurement error was limited by the pixel size on the
television screen and was calculated to equal
* 0.03 mm.
The effect of the accommodative lens movement, in
dioptres,was determinedwith respect to the focal length
of the lens and comparedwith the expected values of the
stimuli.
Lens equivalent focal lengths of two fish, 03 and 04,
were determinedusingfreshlyexcisedlensesplaced in an
automated laser scanner (Sivak et al., 1987, 1989).The
average lens equivalentfocal lengthsof fishes03 and 04
were 6.19 ~ 0.05 mm and 5.17 ~. 0.10 mm, respec-
tively. Since lens diameter has been demonstrated to
closelycovarywith both standardlengthand bodyweight
in a cichlid fish (Fernald & Wright, 1985b), the focal
length values of 01 and 02 (5.68 mm) were interpolated
using the body length data of 03 and 04.
The power of a lens in water of focal length5.68 mm is
234.15 D, calculated using the formula F =,~, where n’
is the refractive index of water (1.33) and~ 1sthe focal
length of the lens expressed in metres. The refractive
power of the eye changes as the lens moves during
accommodation.If the total measured difference in lens
positionbetween the relaxed and contracted states of the
retractor lentis muscle is 0.50 mm, adding and subtract-
ing half of this value to the focal length in the above
formula will give the range of the power change in
dioptres (224.28-244.94 D), and thus the change in
TABLE 1. Summary of the difference ( ~ SEM), in millimeters, in
lens position of relaxed minus contracted muscle states of the four
oscars for parameters 1-7 and 22 deg for the four target distances
Parameter 01 02 03 04
1
(49.0cm) 0.11 t 0.03 0.08 & 0.02 0.14 f 0.04 0.08 ~ 0.01
(23.0cm) 0.13 ~ 0,02 0.10 ~ 0.03 0.14 i 0.03 0.18 + 0.03
(9.0 cm) 0.32 ~ 0.03 0.13 + 0.03 0.45 + 0.05 0.26 + 0.03
(4.5 cm) 0.54 + 0.04 0.18 + 0.06 0.55 + 0.04 0.40 ~ 0.05
2
(49.0cm) 0.09 + 0.04 0.05 t 0.01 0.06 + 0.01 0.15 + 0.00
(23.0cm) 0.10 + 0.03 0.04 + 0.01 0.11 + 0.02 0.21 + 0.06
(9.0 cm) 0.29 ~ 0.03 0.09 ~ 0.02 0.33 ~ 0.04 0.25 ~ 0.05
(4.5 cm) 0.46 ~ 0.04 0.22 + 0.06 0.45 ~ 0.02 0.32 + 0.05
3
(49.0cm) -0.10 + 0.05 0.04 t 0.01 0.06 + 0.03 0.07 + 0.03
(23.0 cm) +.12 ~ 0.04-0.04 ~ 0.01 4.11 ~ 0.0241.12 + 0.04
(9.o cm) -0.32 + 0.06-0.15 ~ 0.02-0.44 k 0.05-0.24 + 0.05
(4.5 cm) 4.54 ~ 0.054.37 + 0.07-0.50 + 0.044.31 + 0.03
4
(49.0cm) 0.13 ~ 0.03 0.08 Y 0.024.06 + 0.01 0.20 Y 0.04
(23.0cm) 0.13 & 0.02 0.08 + 0.02-0.15 +- 0.04 0.11 + 0.03
(9.0 cm) -0.29 ~ 0.04-0.12 ~ 0.02-0.40 ~ 0.05-0.15 ~ 0.03
(4.5 cm) 4.48 + 0.05 +.23 t 0.044.52 ~ 0.05 4t.24 + 0.04
5
(49.0cm) 419 + 0.0843.11 + 0.01 +.13 + 0.02 +.09 + 0.02
(23.0cm) 4.22 + 0.07-0.10 + 0.02-0.11 f 0.02-0.10 t 0.02
(9.0 cm) +.38 + 0.08 +.12 t 0.02-0.39 t 0.04-0.17 ~ 0.03
(4.5 cm) 4.56 + 0.07 +.28 ~ 0.02 +.44 + 0.034.26 t 0.04
6
(49.0cm) --0.11 t 0.04-0.07 t 0.01 -0.07 i 0.02-0.04 i 0.01
(23.0cm) 4.08 ~ 0.02-0.08 + 0.014.08 t 0.024.07 t 0.01
(9.Ocm) +.21 ~ 0.02 +.08 + 0.024.22 + 0.024.11 + 0.01
(4.5 cm) -0.26 + 0.034.22 i 0.02-0.21 ~ 0.024.12 + 0.02
[49.0cm) 0.08 + 0.02-0.07 + 0.02 0.06 + 0.02 +.04 ~ 0.01
(23.0cm) 0.06 t 0.02 0.26 t 0.21 0.05 ~ 0.01 0.05 ~ 0.01
(9.0 cm) 0.10 t 0.03-0.06 ~ 0.02 0.10 + 0.02 0.08 I 0.02
(4.5 cm) 0.15 ~ 0.03 0.34 + 0.24 0.19 t 0.03 0.09 + 0.03
22 deg
(49.0cm) +.14 + 0.03-0.12 f 0.02-0.15 i 0.01-0.10 + 0.02
(23.0cm) -0.19 ~ 0.04-0.12 ~ 0.02-0.19 + 0.024.12 + 0.03
(9.0 cm) 4.35 + 0.06-0.14 + 0.03-0.49 ~ 0.05-0.27 t 0.03
(4.5 cm) -0.54 f 0.07-0.34 t 0.05-0.62 t 0.06-0.33 + 0.05
accommodation(20.66D) (Sivak, 1972). This approach
is consistent with the effort to avoid contaminating the
issueof accommodationwith the uncertaintyof refractive
state. A positive change in accommodation is expected
for parameters 1, 2 and 7 and a negative change is
expectedfor parameters3,4,5 and 6 sincethe lensmoves
in a rostro-lateral direction during relaxation of the
retractor lentis muscle.
The stimulus to accommodation, F, was calculated
using the formula,F = $, where n’ is the refractive index
of water (1.33) and 1is each of the four target distances
expressed in metres.
RESULTS
A total of 645 video images were selected and
measured for analysis. These images represented the
best examples of lens position in the contracted and
relaxed states of the retractor lentis muscle and clearly
showed the relationship between the lens and cornea.
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TABLE 2. Summaryof the calculated differences ( + SEM) between the relaxed and contracted muscle states, in dioptres, of the four oscars
along parameters 1, 2, 3, 5 and 22 deg for each target distance
Average Stimulus Difference
Parameter 01 02 03 04 (A) (s) (S–A) (a=~.05)
1
(49.0cm)
(23.0cm)
(9.0 cm)
(4.5 cm)
2
(49.0cm)
(23.0cm)
(9.0 cm)
(4.5 cm)
3
(49.0 cm)
(23.0 cm)
(9.0 cm)
(4.5 cm)
5
(49.0 cm)
(23.0 cm)
(9.0 cm)
(4.5 cm)
22 deg
(49.0 cm)
(23.0 cm)
4.40 * 0.60
5.30 * 0.93
13.18 + 0.87
22.49 ~ 1.41
3.81 + 1.52
4.03 & 1.49
11.84 + 1.12
19.17 * 1.40
4.18 ~ 1.41
4.92 + 1.21
13.19 + 1.65
22.49 ~ 1.83
7.97 ~ 1.64
8.98 + 1.51
15.79 * 1.90
23.19 + 2.08
5.93 * 1.31
7.69 + 1.60
(9.0 cm)’ 14.59 & 2.34
(4.5 cm) 22.37 ~ 2.79
3.21 ~ 0.89
3.92 + 1.06
5.38 + 1.14
7.37 ~ 2.44
1.97 * 0.35
1.84 ~ 0.47
3.89 + 0.86
9.16 ~ 2.28
1.70 * 0.53
1.67 + 0.45
6.24 + 1.01
15.42 + 2.71
4.50 * 0.57
4.07 + 0.80
4.95 * 0.90
11.51 i 0.77
4.87 + 0.87
4.92 & 0.75
5.70 + 1.26
13.96 + 2.16
4.75 * 1.34
4.90 f 1.01
15.61 + 1.60
19.15 + 1.25
1.96 t 0.31
3.87 + 0.63
11.61 ~ 1.34
15.52 ~ 0.72
2.21 * 1.00
3.70 i 0.76
15.35 * 1.68
17.33 * 1.35
4.43 ~ 0.82
3.71 * 0.73
13.55 + 1.39
15.32 + 1.13
5.26 ~ 0.47
6.74 + 0.78
17.10 ~ 1.65
21.42 & 2.22
3.77 * 0.68
8.79 + 1.50
13.12 + 1.24
19.97 + 2.34
7.60 t 0.00
10.37 * 3.01
12.33 ~ 2.64
16.02 ~ 2.44
3.38 ~ 1.44
6.00 ~ 1.92
12.03 ~ 2.32
18.08 ~ 2.89
4.58 ~ 0.75
5.10 + 1.18
8.49 ~ 1.50
12.86 + 1.86
4.90 * 1.21
5.90 * 1.34
13.27 + 1.70
16.40 ~ 2.37
4.03 * 0.34 3.17 0.86 2.52
5.72 + 1.06 5.78 0.06 -0.05
11.82 ~ 2.22 14.78 2.96 -1.33
17.25 f 3.37 29.56 12.31
–3.65”
3.83 ~ 1.33 3.17 0.66 0.50
5.03 ~ 1.85 5.78 0.75 -0.41
9.92 ~ 2.02 14.78 4.86 -2.41
14.97 * 2.10 29.56 14.59 -6.96”
2.87 + 0.56 3.17 0.30 -0.54
4.07 * 0.93 5.78 1.71 -1.84
11.70 * 1.95 14.78 3.07 –1.58
18.33 + 1.49 29.56 11.23 -7.51*
5.37 ~ 0.87 3.17 2.20 2.54
5.47 * 1.21 5.78 0.31 -0.26
10.69 & 2.45 14.78 4.09 -1.67
15.72 + 2.61 29.56 13.84
–5.30”
5.24 + 0.25 3.17 2.07 8.44”
6.31 + 0.59 5.78 0.53 -0.90
12.66 + 2.45 14.78 2.12 -0.86
18.54 + 2.01 29.56 11.02 –5.48*
*Significantdifference.
Table 1 provides a summary of the difference in lens
position of relaxed minus contracted states of the
retractor lentis muscle for each of the four target
distances along each of the seven parameters in
millimeters.Negative signs reflect a decrease in distance
between the lens and cornea during relaxation of the
retractor lentis muscle as the oscars fixated the targets.
A t-test was used to determine whether a significant
difference exists between the accommodative stimulus
and the average experimental accommodative response
for each parameter (l–7) (Dowdy& Wearden, 1983).The
absolute differences between the target vergences and
responsevalues were used in the t-test calculationssince
it was the relative change in positionof the lens that was
of interest.The values markedwith an asterisk in Table 2
indicate a significant difference exists between the
experimental and expected results (d.f. = 3, P =0.05).
Four parameters (1, 2,3 and 5), shown in Table 2, had
average differences that were only significantlydifferent
from the stimulusat the closest distance (4.5 cm). When
the sum of the average differencesbetween the stimulus
and the responsefor each distancewas comparedfor each
of these four parameters, the parameters having the least
total difference were 1 (16.19 D), 3 (16.23 D) and 5
(20.44 D). These three parameters (1, 3 and 5) were
therefore chosen to most closely correspond to the
stimuli. Table 2 also provides the average differences
between the stimulusand the responseat each of the four
distances for these parameters. It is interesting to note
that for each of the parameters, the greatest difference
was at the closest distance (4.5 cm), with the measured
responses consistently falling short of the target
vergences.
The valuesmeasuredalongdistance2 closelyresemble
the values of distances 1, 3 and 5. The values measured
along 2 are positive, indicatingthat the lens is moving in
the same direction as along distance 1. The values along
distance3 are negative,indicatingthat the lens is moving
in the oppositedirection as along distance 1. One would
expect the values of 2 and 3 to resemble those of 1, since
they all lie along the pupillary plane. The interesting
point to note is that the values of 5 (also negative, like 3)
are closer to those of 1 and 3 than the values measured
along either 6 (90 deg) or 7 (135 deg). Since 1, 3 and 5
mostcloselymatched the targetvergences, it appearsthat
the lens must move along a meridianpositionedbetween
them (c. 22 deg from the pupillaryplane).
To confirm the assumption that the greatest displace-
ment occurs along 22 deg, measurements of the inner
cornea to lens distance were made at 22 deg from the
pupillaryplane. These data, labelled “22 deg”, appear in
Table 1. Clearly, this directionrepresentsthe directionof
maximumlens movement.Variabilityin the responsesof
the oscars along this meridian is apparent.At the closest
target distance (4.5 cm), the average response is still
about 11 D less than that predicted by the stimulus.
Interestingly, there was also a significant difference
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between the response at 22 deg and the furthest target
distance.
The poorest match of the stimulus appears to be
distance 7, which is positioned along a meridian almost
perpendicular to this primary direction of movement. If
one examines the data presented in Table 1, the
difference between the relaxed and contracted states of
the retractor lentis muscle is smaller, on average, than
those reported for the other parameters. Thus one would
expect the accommodativechangesalongdistance7 to be
very small. The direction in which the largest lens
deviation occurs correspondsto the visual axis.
A comparisonof the stimulusand responsevalueswas
made to determinehow well the responsevaluesmatched
the stimuli. Figure 3 illustrates the regression analysis
performed. Error bars represent the standard error of the
mean. Parameter 1 response values vs target vergences
were fitted by a regression line (Y= 0.50X+ 3.03,
d.f. = 14, F = 27.03, P <0.0001). These values were
positively correlated (R = 0.66). Parameter 3 response
valuesvs target vergenceswere fittedby a regressionline
(Y= 0.59X+ 1.36, d.f. = 14, F =71.76, P <0.0001).
These values were positively correlated @ = 0.84).
Parameter 5 response values vs target vergences were
fitted by a regression line (Y= 0.41X+ 3.83, d.f. = 14,
F = 21.73, P <0.0001). These values were positively
correlated (R = 0,61). The responsevalues along 22 deg
vs target vergences were fitted by a regression line
remesents
Errorbars represent standarderror of t;e mean. ‘
(Y= O.51X+ 3.85, d.f. = 14, F= 46.96, P< O.0001).
These values were positively correlated (1?= 0.77). The
regression lines of these parameters have very similar
slopes and the response averages were well correlated
with the regression lines.
The dashed line in Fig. 3 represents the accommoda-
tive stimuluspresented to the oscars at each of the four
distances.The responsescorrespondwith the stimuli for
the two intermediate distances. However, there is a
consistent lag of accommodation among the oscars for
the largest stimulus(4.5 cm) and a small, but consistent,
lead of accommodation for the smallest stimulus
(49.0 cm). Note that one of the oscars, 02, showed
responses that were substantiallysmaller, in most cases,
than the other three and this has contributed to the
variability in the data.
An interestingfeature of the data presented in Fig. 3 is
that there appears to be some consistency in the error
term at each of the four distances.This is most apparent
for parameter 5 and provides some indication that the
measurementerror using this technique is consistent.On
average, therefore, the greatest amount of variability
appears in the responses made to targets located at the
furthest distance.
DISCUSSION
The oscar is a highlyvisual teleostspeciesthat actively
pursues its prey (Arora & Sperry, 1963).The oscar must
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therefore be capable of maintaining good retinal image
quality over a range of distances.
The techniqueoutlined in the present study providesa
simple and effective means of measuring the accom-
modativeresponsein an alert and unrestrainedteleost. In
this investigation, the extent to which the lens moved
with respect to a visual stimulus was measured in five
primary directions (Odeg nasal, 45 deg, 90 deg, 135 deg
and 180 deg temporal). The direction along which the
greatest lens deviationoccurredwas a combinationof the
vectors at Oand 45 deg, or c. 22 deg from the pupillary
plane. This axis, therefore, correspondswith the visual
axis and one would expect to find the greatest density of
photoreceptorsin the region of the retina along which it
extends. Previous investigatorshave utilized a variety of
techniques to determine the direction and range of
accommodation in several teleost species. Tamura
(1957) measured refractive changes along a number of
axes with a refractometer in teleosts under varying
artificial conditions. The density of photoreceptorswas
determined in several areas of the retina and the region
having the greatest density corresponded with the axis
along which the largest change in refractive error was
found. Tamura (1957) called this axis the visual axis,
stating that it ‘was the line of most acute vision. Tamura
and Wisby (1963) compared photographsof the relative
positions of the lens, induced in a variety of living and
non-livingpelagicfishes,with the receptordensitycounts
from a numberof retinalregionsin order to determinethe
visual axis and range of accommodation.Both of these
studies determined that the visual axis correspondswith
the largest lens deviationand the area of the retinahaving
the greatest density of photoreceptors. It has been
reported that a strong relationship exists among the
primary axis of accommodation, retinal regions having
the greatest receptor densities and feeding behavior
(Tamura, 1957; Tamura & Wisby, 1963; Femald &
Wright, 1985b).
The pupil of the oscar eye is oval in shape, the long
axis corresponding to the nasotemporal direction. This
configuration is an indication that accommodative lens
movementsoccur primarilyalong this axis (Sivak, 1978).
Tamura (1957) related the axis of accommodationto the
pointof attachmentof the suspensoryligamentto the lens
and with the orientationof the retractorlentismuscle.In a
previous study, Andison and Sivak (1994) reported
observationsof two motions of the lens during accom-
modation; one in the nasotemporaldirection and one in
the mediolateral direction.The nasotemporalmovement
was observed to be larger. These observations were
supported by light and scanning electron microscopy
which indicated that there are two muscle fibre orienta-
tionswithin the body of the single retractor lentismuscle
of the oscar (Andison & Sivak, 1994).The results of the
present study also support the earlier observations.The
average accommodative lens movement along 90 deg
(parameter 6) was consistentlysmaller, and significantly
different from the stimulus,than the movementobserved
along either 45 deg (parameter 5) or along the pupillary
axis (parameter 1). Refer to Table 1.
The difference between the accommodative stimulus
and the accommodative response represents the lead or
lag of accommodation(Daum, 1991). Only a portion of
the typical human accommodative stimulus–response
curve shows correspondencebetween the response and
the stimulus.The responsecurve lies above the stimulus
line for the furthest stimuli and below for the nearest
stimuli. These non-correspondingportions demonstrate
accommodativelead (in the form of hyperopia) and lag
(in the form of myopia), respectively. In humans,
accommodative lag changes as a function of fixation
distance so that as fixation distance decreases, accom-
modative lag increases (Daum, 1991).
Investigatorshave long been aware that accommoda-
tion may not match that expectedbased on targetdistance
(Toates, 1972). The error which exists is necessary if
accommodationis explainedon the basis of a feedback–
control systemwhich proposes that accommodationacts
as a proportionalcontroller.In this system,defocusis the
error detected by the retina which guides the ciliary
muscle to minimize the defocus. However, since
accommodation is a proportional controller, the error
cannoteliminateitselfcompletely,otherwiseno feedback
(error) would be available to maintain the tonus of the
ciliarymuscle (Toates, 1972).The defocusinformationis
needed by the autonomic nervous system to guide the
ciliary muscle to produce the correct accommodative
response. Thus, accommodative lead and lag are
functionally significant in the proportional feedback
system.When the eye changes its focus or is in a steady
state, overaccommodation(lead) and underaccommoda-
tion (lag) act as the stimuli for sympathetic and
parasympatheticinnervation, respectively.Thus accom-
modative lead will stimulate sympathetic discharge and
inhibit parasympathetic discharge and accommodative
lag will stimulateparasympatheticdischarge and inhibit
sympatheticdischarge (Toates, 1972).
In the present study, the responses of all fish
demonstrated a lag of accommodation for the closest
targets, and accommodativelead for the furthesttarget.A
significantdifference between the stimulus and furthest
target was only reportedalong 22 deg, indicatingthat the
greatest accommodative lead occurs along this axis.
Accommodativelead and lag were evidentfor each of the
parameters (1, 3, 5 and 22 deg) illustrated in Fig. 3. On
average, the greatest variability existed in the responses
to the furthest targets. This may be an indication that
these targetswere fallingwithin the depth of focus of the
eye, suggestingthat a certain amountof focusingerror is
tolerated by this systemwithout detriment to the quality
of the image (Bennett & Rabbetts, 1989).
TM resultsof this experimentcorrespondwell with the
findingsof human accommodationstudies.This in itself
is interestinggiven the morphologicaland physiological
differencesbetween the human and teleost accommoda-
tive systems.Perhaps this is evidence that the control of
accommodationat higher centres is quite similar among
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vertebrates, despite the various visual adaptations
necessary for each species to function in its ecological
niche.
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